Amino terminal sequences of the envelope protein E and the three largest nonstructural proteins NS1, NS3, and NS5 of the New Guinea C strain of dengue virus type 2 (DEN-2) were obtained by nucleotide and protein sequencing. Clones were prepared containing cDNA of DEN-2 virus in the plasmid pUC8. The nucleotide sequences of viral cDNA inserts were determined and the cDNA of each clone positioned on the flavivirus genomic map by comparison of the deduced amino acid sequence with that of yellow fever virus. Radiolabelled E, NS1, NS3 and NS5 were purified by lectin affinity chromatography and preparative gel electrophoresis. Purified proteins were subsequently analysed by Edman degradation to establish the origins of the amino termini of these proteins in the deduced DEN-2 amino acid sequence. Thus the amino acid sequences surrounding the likely proteolytic cleavage sites used in the formation of these four proteins were determined. Of particular interest was the sequence containing the amino terminus of NS3, namely Lys-Lys-GlnArg-Ala-Gly where Ala is the first amino acid of NS3. Cleavage following one basic residue in the flavivirus polyprotein has not been reported previously.
INTRODUCTION
Dengue viruses are widespread throughout the major populated areas of many tropical and subtropical countries particularly in Asia and the Caribbean and Pacific regions. The four serotypes of dengue virus (DEN-1 to -4) comprise a distinct subgroup within the Flavivirus genus of the family Flaviviridae (Porterfield, 1980; Westaway et al., 1985) . Other members of the family include yellow fever (YF), West Nile (WN), tick-borne encephalitis (TBE), Kunjin (KUN) and Murray Valley encephalitis (MVE) viruses. The RNA genome of flaviviruses is single-stranded, of positive polarity and approximately 11000 nucleotides in length. The genomes of YF and WN viruses contain a single long open reading frame of approximately 10 300 nucleotides (Rice et al., 1985; Castle et al., 1986) . One open reading frame is also a feature of the sequenced portions of the genomes of MVE, TBE, DEN-2 and DEN-4 viruses (Dalgarno et al., 1986; Pletnev et al., 1986; Deubel et al., 1986; Lai et al., 1986) . These findings suggest that a long open reading frame is a property of all flavivirus genomes and indicate that viral polypeptides are probably formed by post-translational cleavage of precursor proteins. It is proposed that cellular proteases and at least one virus-encoded protease are involved in these cleavage events (Rice et al., 1985 Wengler et al., 1985) . Until recently no likely precursor proteins larger than the stable protein P98 (also known as NV5 or NS5) had been identified in flavivirus-infected cells (for review, see Westaway, 1980) . Now novel large polypeptides (Mr 130000 to 250000) have been detected in BHK cells infected with DEN-2 virus (Cleaves, 1985; Ozden & Poirier, 1985) , and two proteins of Mr 120 000 and 140 000 have been observed in Vero 0000-7524 O 1987 SGM cells infected with KUN virus and radiolabelled in the presence of hydroxyleucine, an analogue of leucine (Crawford & Wright, 1987) .
Identification of the likely sites of proteolytic cleavage in a precursor polyprotein requires knowledge of the amino-terminal sequence of each stable product, and the position of this sequence in the polyprotein. The present report concerns analyses of DEN-2 proteins and glycoproteins aimed at identifying the sites of proteolytic cleavages of the DEN-2 potyprotein that lead to the formation of the virion envelope glycoprotein E and the three largest nonstructural proteins. The cleavage sites were located following partial amino-terminal analyses of the proteins, and nucleotide sequencing of the relevant portions of the DEN-2 genome. These DEN-2 sites are compared with the corresponding sites (where known) in the YF and WN polyproteins.
METHODS

Cells and virus.
The New Guinea C strain of DEN-2 virus was grown in Vero cells. The virus used to infect cells had been passaged 24 times through suckling mice, plaque-purified twice in EK cells, passaged a further three times in EK cells and twice in Aedes albopictus C6/36 cells. Virus was purified from cell culture fluid by polyethylene glycol precipitation and sedimentation through 5 to 25 ~ (w/v) sucrose gradients (Smith & Wright, 1985) .
Cloning of DEN-2 RNA. Purified virions from sucrose gradients were treated with 1 ~ (w/v) sodium dodecyl sulphate and the RNA was prepared by phenol extraction and ethanol precipitation. The procedures used to synthesize cDNA were similar to those described by Dowling et al. (1983) except that virion RNA was denatured by heat (Agarwal et al., 1981) . The primers used for first strand cDNA synthesis were pentadeoxynucleotides from calf thymus DNA; reverse transcriptase or the Klenow fragment ofDNA polymerase I was used for second strand synthesis. Blunt-ended cDNA was ligated to the plasmid pUC8 (Vieira & Messing, 1982; Yanisch-Perron et al., 1985) which had been digested with SmaI and calf intestinal phosphatase. The ligation mixture was used to transform Escherichia coil strain JMI01 or JM103, and ampicillin-resistant transformants that formed white colonies on medium containing isopropyl-fl-o-thiogalactopyranoside (IPTG) and 5-bromo-4-chloroindolyl-/~-mgalactopyranoside (Xgal) were selected for further characterization. Small-scale plasmid preparations were digested with EcoRI and Sail to determine the size of the viral cDNA inserts in pUC8; the sizes of the inserts ranged from 150 to 1400 base pairs. For some clones, the DNA was radiolabelled by nick translation and used for spot hybridization assays on nitrocellulose with RNA extracted from uninfected cells, or from DEN-2-or Kunjin virus-infected cells. All clones tested were DEN-2-specific. In general, our methods for cloning and related procedures were similar to those described by Maniatis et al. (1982) .
Sequencing of DEN-2 clones. Viral cDNA inserts in pUC8 were sequenced by the chain termination method using a double-stranded template and the M 13mp forward and reverse sequencing primers. The DNA template was either a small-scale plasmid preparation (Birnboim & Doly, 1979; Maniatis et al., 1982) or CsCl-purified DNA. Initially, we linearized the template before sequencing (Wallace et at., 1981) , but in later experiments the plasmid DNA was not cleaved but denatured with alkali as described by Chen & Seeburg (1985) , and annealed with primer for 60 min at 60 °C. The software used for storage and analyses of nucleotide sequences was either MicroGenie (Beckman) or the Nucleic Acids Analysis System (Genesearch, Southport, Queensland, Australia).
Preparation of radiolabelled proteins. The proteins for amino terminus amino acid sequencing were all prepared from Veto ceils infected by DEN-2 virus. The cells were labelled from 68 h to 71 h after infection using standard procedures (Smith & Wright, 1985) ; during the labelling period the concentration of radioactive precursor in the cell culture medium was 40 gCi/ml. Radiochemicals were purchased from Amersham, and had the following specific activities: [2-3H] glycine (12.4 Ci/mmol). The radiolabelled viral polypeptides were first partially purified by affinity chromatography using concanavalin A (Con A) linked to Sepharose (Wright & Warr, 1985; Smith & Wright, 1985) . The glycoproteins E (GP60) and NSI (GP46), which bound to Con A, were further purified by electrophoresis through 12~ (w/v) polyacrylamide gels (Laemmli, 1970) . Unbound proteins NS5 (P98) and NS3 (P67) were purified by electrophoresis through 6~ (w/v) gels. The bands in gels containing these four proteins were located by autoradiography which detected [35S]methionine-labelled marker proteins electrophoresed in parallel. The tritiated proteins were eluted from the gels into a solution of 0.1 ~ (w/v) sodium dodecyl sulphate. The eluate was concentrated from approximately 4 ml to 0.25 ml in a Centricon-30 microconcentrator (Amicon), 200 p.g of bovine serum albumin was added, and protein precipitated by the addition of 10 volumes of ice cold methanol. The precipitate was allowed to form overnight at -20 °C and collected by centrifugation at 16000g for 45 min at -5 °C.
Amino-terminal sequence analysis. Purified radiolabelled proteins were subjected to automated protein sequence terminus analysis has been completed (Rice et al., 1985 . Older alternative names for these polyeptides are V2 (C), NV2 (prM), V1 (M), V3 (E), NV3 (NS1), NV4 (NS3) and NV5 (NSS) (Castle et al., , 1986 Wengler et al., 1985) . Using the nomenclature based on protein size and the prefixes 'p' and 'gp' for proteins and glycoproteins , DEN-2 polypeptides are also known as GP20 (prM), GP60 (E), the soluble complement-fixing antigen GP46 (NS1), P67 (NS3) and P98 (NS5) (Smith & Wright, 1985) . In general the system proposed by Rice et al. (1985) is used in this paper in order to facilitate comparisons between the DEN-2 and YF nucleotide and amino acid sequences (Rice et al., 1985 .
Sequencing of clones of DEN-2 eDNA The positions of the viral cDNA inserts in 11 DEN-2 clones on the flavivirus genomic map (Rice et al., 1985) are shown in Fig. 1 . The clones displayed were selected from those which we have sequenced because their viral inserts either span or are close to the start points of coding sequences for E, NS1, NS3 and NS5. The clones were positioned on the map by (i) direct comparison of encoded amino acid sequences with the YF amino acid sequence, (ii) comparison of the hydrophilicity plots of DEN-2 and YF polypeptides (Hopp & Woods, 1981) and (iii) by amino terminus analyses of radiolabelled E, NS1, NS3 and NS5. In the following figures, the results of the nucleotide and amino acid sequencing for DEN-2 and comparisons of DEN-2 with YF and WN are presented.
The nucleotide sequence of the DEN-2 genome for approximately 270 nucleotides before, and 90 nucleotides after, the putative beginnings of the coding regions for E, NS1, NS3 and NS5 are deduced amino acid sequence of this virus (from C to the start of NS1) with that of the New Guinea C strain (Fig, 2a and b ) revealed few differences. The amino acids at positions 7 (Thr) and 46 (Ala) in Fig. 2(a) , and at 88 (Val) in Fig. 2(b) are replaced by Ala, Val and Ala respectively in the Jamaican virus.
Amino terminus analyses of viral proteins
The envelope protein E and the three largest non-structural proteins NS1, NS3 and NS5 were radiolabelled and partially purified by a combination of Con A affinity chromatography and electrophoresis. The separation of the glycoproteins E, NS1 and prM from unglycosylated viral proteins by the procedure using Con A was reproducible and efficient. The results of a typical experiment are illustrated by the analytical gel shown in Fig. 3 . Following separation using Con A, both glycosylated and unglycosylated polypeptides were further purified by electrophoresis through preparative slab gels as outlined in Methods.
The results of the amino terminus analyses of the radiolabelled DEN-2 proteins by Edman degradation are displayed in Fig. 4 and 5. The use of the tritiated amino acids valine, isoleucine, glycine and leucine allowed the amino termini of E, NS1, NS3 and NS5 to be located unambiguously in the amino acid sequence deduced from the DEN-2 nucleotide sequence. Except for [3H]gtycine, sufficient radioactivity was incorporated into the viral proteins to enable 16 cycles of Edman degradation with a good signal to noise ratio. Although [3H]glycine was incorporated relatively poorly into the proteins, the samples of NS 1, NS3 and NS5 labelled with this amino acid contained sufficient radioactivity for eight cycles of Edman degradation. Overall, positions were determined for five amino acids of both NS3 and NS5, and four amino acids of both E and NS1.
The likely cleavage sites used in the formation of M, E, NS1, NS3 and NS5 of DEN-2 are shown in Fig. 6 , together with some corresponding protein sequences of YF and WN viruses (Rice et al., 1985 ; Castle et al., 1985; Wengler et al., 1985) . The amino termini of NS1, NS3 and NS5 for WN virus have not been confirmed by protein sequencing (Castle et al., 1986) , and thus are not shown in the figure. Those of M for YF and WN viruses have been determined by protein sequencing (Bell et al., 1985; Castle et al., 1985) , whereas the amino terminus of M for DEN-2 is predicted by protein alignment only (Deubel et al., 1986) . In this study, the amino acid sequence for the first 28 residues of the intracellular form of the glycoprotein E (New Guinea C strain) was determined by a combination of nucleotide sequencing and analyses of the amino terminus. The present results agree with those obtained solely by amino terminus analyses of unlabelled E prepared from purified virions (Puerto Rico strain) (Bell et aL, 1985) . As previously noted in comparisons between the structural proteins and NS1 of YF and MVE viruses (Dalgarno et al., 1986) , cysteine residues are conserved at positions 6 and 95 in Fig. 2 (a) and 6 (a), and also at positions 96 and 107 in Fig. 2(b) and 6(b) .
The alignment of the protein sequences was supported by comparison of hydrophilicity plots, generated by the method of Hopp & Woods (1981) . Profiles (not shown) for the matched sequences in Fig. 6 were remarkably alike, further indicating the considerable similarity among the three flavivirus species.
DISCUSSION
The presence of a long open reading frame in the genome of flaviviruses (Rice et al., 1985 ; Castle et al., 1986; Dalgarno et al., 1986; Pletnev et al., 1986; Lai et al., 1986; Deubel et al., 1986) , the lack of subgenomic mRNA species in infected cells (Boulton & Westaway, 1977) , and the detection of proteins larger than NS5 in infected cells (Cleaves, 1985; Ozden & Poirier, 1985; Crawford & Wright, 1987) , together suggest that flavivirus proteins are formed by posttranslational cleavage of a polyprotein. Both host-and virus-encoded proteases may be involved in proteolysis of the flavivirus polyprotein (Rice et al., 1985; Wengler et al., 1985) . The difficulties experienced in detecting such cleavages (for review, see Westaway, 1980) suggest that most are rapid and take place on nascent polypeptides. However, some cleavages do occur after translation is completed, e.g. the cleavage of prM (NV2) (Shapiro et al., 1972) , or at least slowly enough to be readily detected, e.g. the processing of envelope-related glycoproteins (Wright et al., 1981; Wright & Warr, 1985) . The amino acid sequences for DEN-2 that are presented in this paper are consistent with earlier conclusions concerning the nature of the proteases involved (Rice et al., 1985; Wengler et al., 1985) , but in particular provide new evidence for a monobasic processing mechanism in the formation of NS3.
Consideration of the amino acid sequence deduced from the YF genomic nucleotide sequence, and of the known amino-terminal sequences of NS3 and NS5 suggested a common structural requirement for the proteolytic generation of these proteins (Rice et al., 1985) . It was apparent that the protease(s) involved in this processing preferred two basic amino acids immediately preceding the cleavage point and adjacent amino acids with short side chains. Rice et al. (1985) proposed that a virus-encoded protease was required for the cleavage. The sites containing the amino termini of NS5 of YF (Thr-Gly-Arg-Arg/Gly), NS5 of DEN-2 (Asn-ThrArg-Arg/Gly) and NS3 of YF (Gly-Ala-Arg-Arg/Ser) fit this pattern (Fig. 2 and 6) . However, the sequence preceding and including the amino terminus of NS3 of DEN-2 is Val-Lys-Lys-GlnArg/Ala. This was established by comparing data obtained by Edman degradation of radiolabelled NS3 of DEN-2 with the deduced amino acid sequence of DEN-2 adjacent to the putative amino terminus of NS3. The deduced amino acid sequence for the region was independently derived from the nucleotide sequences of two clones, pDW38 and pDW23. The results obtained using NS3 radiolabelled with tritiated glycine or valine or leucine clearly favoured the proposal that cleavage occurs following the arginine residue, rather than after the second lysine residue.
The enzyme responsible for this monobasic cleavage may be the same virus-encoded dibasic protease proposed by Rice et al. (1985) . Alternatively, an additional protease may be required. It would not be unprecedented for this to be a second virus-encoded protease since there is evidence that other positive-stranded RNA viruses encode more than one protease. Examples are foot-and-mouth disease virus (Strebel & Beck, 1986) and poliovirus (Toyoda et al., 1986) . It is unlikely that a host-coded protease is responsible for the release of NS3 from the DEN-2 polyprotein. Although proteases cleaving at monobasic sites exist intracellularly for processing hormone precursors, the delayed nature of this processing (for review, see Schwartz, 1986) suggests that they are unlikely to be involved in the cleavage of the nascent DEN-2 polyprotein. There are also specific and distinct dibasic cleaving enzymes involved in hormone maturation. However, these cellular enzymes are unable to cleave at one basic residue (Schwartz, 1986) . If the same flavivirus-encoded protease cleaves at both dibasic and monobasic sites in the flavivirus polyprotein, then the specificity of this viral enzyme for cleavage sites is less than that of its cellular counterpart(s). It is conceivable that the specificity requirements for the virusencoded protease can be partially met by a cluster of basic amino acids around the site of cleavage. This would be accommodated by both the amino acid sequence immediately preceding the amino terminus of NS3 for DEN-2 (Val-Lys-Lys-Gln-Arg/Ala) and the two arginine residues preceding the amino termini of NS5 (YF and DEN-2) and NS3 (YF).
Cleavage by a host signal peptidase is implicated in the release of the amino termini of E and NS1. Two hydrophobic domains immediately preceding the start points of these proteins are conserved (Fig. 6a, b) . One may function as a membrane anchor for M or E, and the other as a signal sequence for the translocation of E or NS1 across the membrane of the endoplasmic reticulum Rice et al., 1985) . The cleavage sites in DEN-2 at the amino termini of E (Ser-Met-Thr/Met) and NS1 (Val-Gln-Ala/Asp) fit the '(-3, -1) rule ' (von Heijne, 1983; Perlman & Halvorson, 1983 ) for a cleavage site by a signal peptidase (cleavage between positions -1 and + 1). The proposed rule requires either Ala, Ser, Gly, Cys, Thr or Gin in position -1, the exclusion of aromatic, charged or large polar residues from position -3, and the absence of Pro in positions -3 to + 1. The occurrence of Met at position -2 or at position + 1 is relatively rare (Watson, 1984; von Heijne, 1986) .
No carboxy termini of flavivirus proteins have been precisely located at present. Small peptides or single amino acids are lost from the carboxy termini of some virus proteins following proteolytic cleavage. Examples of peptide loss occur during the formation of the Semliki Forest virus glycoproteins (Garoffet al., 1980) , the processing of the gag gene product of Rous sarcoma virus (Schwartz et al., 1983) and in the cleavage of haemagglutinin of human and avian orthomyxoviruses (Jou et al., 1980) . Further amino terminus analyses of the small flavivirus nonstructural proteins and carboxy terminus analyses of all viral polypeptides would reveal the extent of any such trimming by carboxypeptidase during the processing of flavivirus proteins.
In summary, the results that we have presented for the DEN-2 proteins support earlier suggestions for the involvement of a host signal peptidase in the release of E and NS 1 (Rice et al., 1985 ; Wengler et al., 1985) and a viral protease in the cytosol cleaving after two basic residues to release NS5 (Rice et al., 1985) . More significantly, the example of NS3 demonstrates that cleavage to release a non-structural polypeptide may also occur after a single basic amino acid.
